Variation in the intracellular percentage of normal and mutant mitochondrial DNAs (mtDNA) (heteroplasmy) can be associated with phenotypic heterogeneity in mtDNA diseases. Individuals that inherit the common disease-causing mtDNA tRNA Leu(UUR) 3243A>G mutation and harbor ∼10-30% 3243G mutant mtDNAs manifest diabetes and occasionally autism; individuals with ∼50-90% mutant mtDNAs manifest encephalomyopathies; and individuals with ∼90-100% mutant mtDNAs face perinatal lethality. To determine the basis of these abrupt phenotypic changes, we generated somatic cell cybrids harboring increasing levels of the 3243G mutant and analyzed the associated cellular phenotypes and nuclear DNA (nDNA) and mtDNA transcriptional profiles by RNA sequencing. Small increases in mutant mtDNAs caused relatively modest defects in oxidative capacity but resulted in sharp transitions in cellular phenotype and gene expression. Cybrids harboring 20-30% 3243G mtDNAs had reduced mtDNA mRNA levels, rounded mitochondria, and small cell size. Cybrids with 50-90% 3243G mtDNAs manifest induction of glycolytic genes, mitochondrial elongation, increased mtDNA mRNA levels, and alterations in expression of signal transduction, epigenomic regulatory, and neurodegenerative disease-associated genes. Finally, cybrids with 100% 3243G experienced reduced mtDNA transcripts, rounded mitochondria, and concomitant changes in nuclear gene expression. Thus, striking phase changes occurred in nDNA and mtDNA gene expression in response to the modest changes of the mtDNA 3243G mutant levels. Hence, a major factor in the phenotypic variation in heteroplasmic mtDNA mutations is the limited number of states that the nucleus can acquire in response to progressive changes in mitochondrial retrograde signaling.
RNA-Seq | mitochondrial disease | mtDNA variant | epigenetic | electron microscopy M utations in the 16.6 kilobase human mtDNA can cause a broad spectrum of multisystemic diseases (1, 2) . Unlike chromosomal genes, which are present in only two copies per cell, the mtDNA can be present in hundreds to thousands of copies. If a cell acquires a deleterious mtDNA mutation, this creates an intracellular mixture of mutant and normal mtDNAs, a state known as "heteroplasmy." Surprisingly, relatively subtle changes in the heteroplasmic levels can have dramatic effects on a patient's phenotype (3) , although the cellular basis for this phenomenon has remained unclear.
One of the most striking examples of this effect is observed with the mtDNA transfer RNA (tRNA) Leu(UUR) mutation at nucleotide 3243A>G, the most common human pathogenic mtDNA point mutation (4) . The 3243A>G mutation perturbs mitochondrial protein synthesis resulting in amino acid misincorporation and electron transport chain deficiency (5) . When this mutation is present at about 50-90% mtDNA heteroplasmy it can cause multisystem disease, the most recognizable phenotype known as the mitochondrial encephalomyopathy, lactic acidosis, and strokelike episodes (MELAS) syndrome (6) . However, this same mutation at lower heteroplasmy levels has been associated with autism (7) and type I and type II diabetes in Eurasians (1, 8) , and at very high levels can present as Leigh syndrome or perinatal lethality. MtDNA 3243A>G heteroplasmy also causes cell-typespecific biochemical effects depending upon the cell lineages (9) . Given that different cell types differ primarily in their epigenomic context, one hypothesis as to why a continuous change in mitochondrial heteroplasmy could cause discrete phenotypic changes is that the cytoplasmic signal transduction systems and the nuclear epigenome may only be able to respond to changes in mitochondrial function in a limited number of discrete ways. This would create discontinuous changes in gene expression profiles and thus discrete clinical phenotypes (10) .
Significance
Mitochondria generate signals that regulate nuclear gene expression via retrograde signaling, but this phenomenon is rendered more complex by the quantitative differences in the percentage of mutant and normal mtDNAs that can exist within patient cells. This study demonstrates that depending upon its relative cytoplasmic levels, a single mtDNA point mutation can cause a discrete set of cellular transcriptional responses within cells of the same nuclear background. This qualitative regulation of nuclear gene expression by quantitative changes in mtDNA mutant levels challenges the traditional "single mutation-single disease" concept and provides an alternative perspective on the molecular basis of complex metabolic and degenerative diseases, cancer, and aging.
To test this hypothesis, we generated transmitochondrial cytoplasmic hybrid cells (cybrids) with the same nuclear background that harbor increasing levels of the 3243A>G mtDNA mutation. We then compared the different cybrid lines for their cellular phenotypes, mitochondrial function, and transcriptome status. This comparison revealed striking nonlinear nuclear DNA and mtDNA transcriptome responses to progressively increasing mtDNA heteroplasmy levels, accompanied by phase-like changes in the transcriptional profile, presumably resulting from retrograde signaling effects on signal transduction and epigenomic pathways. This marked disconnect between mtDNA heteroplasmy and gene expression profile could explain the striking differences in clinical phenotypes of patients with different levels of the same mtDNA mutation. Fig. S1 ). Subsequent mtDNA depletion, reamplification, and cloning (11) resulted in a series of stable cybrids harboring ∼0%, 20%, 30%, 50%, 60%, 90%, and 100% 3243G mutant mtDNAs (SI Appendix, Fig. S1 and Extended Experimental Procedures Tables 1-3) .
The increasing levels of the 3243G mutation caused a dosedependent reduction in mtDNA coded electron transport chain protein subunits ( Fig. 1 B and C) . However, maximum mitochondrial respiratory capacity was preserved beyond 60% heteroplasmy dropping to ρ o levels at 90% 3243G mutant (Fig. 1D ), this respiratory threshold being consistent with previous reports (12, 13) . The retention of respiratory capacity in the presence of predominantly 3243G mutant mtDNAs is thought to result from the complementation of the mutant tRNA Leu(UUR) s by wild-type mtDNAs tRNAs in trans due to mtDNA transcript mixing through mitochondrial fusion and fission (3, 14, 15) .
Consistent with mitochondrial morphology being linked with mitochondrial bioenergetics (16, 17) , and organelle fusion/ elongation as an "early" mitochondrial stress response to electron transport chain defects (18) , mitochondria in the 3243G cybrids became increasingly elongated as the percent mutant increased from 0% to 90%, but returned to near normal levels at 100% mutant mtDNAs (Figs. 1 E-G and 2). In contrast, the ρ o cell's mitochondria were maximally fragmented and swollen.
Increasing mtDNA heteroplasmy also caused changes in mitochondrial ultrastructure, cristae and matrix electron density, and cytoplasmic ribosomal content (Fig. 2) . In addition, compared with cells with only wild-type (3243A) mtDNAs, cells with 20% and 30% 3243G mutant mtDNAs showed a 19% and 40% reduction in cross-sectional area (Fig. 1H ), corresponding to 25% and 54% reductions in cell volume, respectively (SI Appendix, Fig. S2D ). Cell size then increased in the 50% 3243G cybrid to 80% of the normal volume, declined in the 60% 3243G cybrid to 60% of normal, and normalized in the 90-100% mutant and in ρ o cells to 80-90% of normal volume (Fig. 1H ). Changes Cybrid respiration rates fitting a nonlinear regression (third order polynomial) with maximal oxygen consumption revealing a threshold for respiratory deficiency above 60% 3243G heteroplasmy. (E) Confocal microscopy, and (F) electron microscopy (EM) representative images of 0%, 90% and ρ o cell lines with pseudocolored (green) mitochondria. (G) Quantification of mitochondrial aspect ratio (length-to-width ratio) and roundness from confocal images. (H) Effect of heteroplasmy on cell size measured from electron micrographs and expressed as cross-sectional area, and (I) mtDNA copy number expressed as mtDNA/nDNA ratio (red line) and normalized to cell volume (green line). Significance is based on 95% (P < 0.05) or 99% (P < 0.01) confidence intervals (C.I.). Data for G and H are in means ± 95% C.I. and for I in means ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001, ANOVA and Dunnett's post hoc test.
in nuclear dimensions followed changes in cell size, resulting in a constant nuclear-to-cell ratio (SI Appendix, Fig. S2 B and C) .
The cellular mtDNA copy number was determined for each 3243G heteroplasmy level. This revealed that the mtDNA/nuclear DNA (nDNA) ratio for the 20-30% 3243G cells tended to decline, returned to normal at 50%, declined significantly at 60% 3243G, and then returned to normal at 90-100% heteroplasmy (Fig. 1I ). When mtDNA levels were normalized to cell volume, the mtDNA density within the various 3243G heteroplasmic cells was found to rise sharply from 0% through to 30% when it was 1.76-fold above the 0% cell line, followed by a progressive decline through 50%, 60%, and 90% 3243G heteroplasmy (Fig. 1I) .
Effects on the Mitochondrial Transcriptome. To determine the molecular basis of these physiological, morphological, and molecular changes, RNA was isolated from each cell line plus the ρ o parent line, and following cytosolic rRNA depletion, converted to cDNA and high-throughput sequenced (RNA-Seq). Each cell line was found to have a distinct transcriptional profile involving clusters of related genes that increase or decrease coordinately (SI Appendix, Fig. S3 ).
Because the mutation occurred in the mtDNA tRNA
Leu(UUR)
gene, we first examined the effects of increasing levels of the 3243G mutation on the expression of the mtDNA genes. The mtDNA encodes 37 genes: two rRNAs, 22 tRNAs, and 13 critical oxidative phosphorylation (OXPHOS) polypeptide mRNA genes (ND1-4, 4L, 5-6 for complex I; cytochrome b for complex III; COI-III for complex IV; and ATP6 and 8 for complex V) (Fig. 3A) . The mtDNA is transcribed from three promoters, all located in the control region [white arc between the 12S rRNA and tRNA proline (P)] (Fig. 3A) , one for the C-rich light (L) strand (inner circle), and two for the G-rich heavy (H) strand (outer circle). Both mtDNA strands are symmetrically transcribed into continuous polycistronic RNAs from which the mature rRNAs and mRNAs are freed by processing out the intervening tRNAs (1) . In cells with only wild-type 3243A mtDNA, mtDNA transcripts accounted for 23.0% of the total cell's transcriptome (Fig. 3B ), as expected (19) . However, when 20% of the mtDNAs harbored the 3243G mutation, the proportion of cellular transcripts of mtDNA origin dropped to 9.7%, and at 30% 3243G mtDNA transcripts constituted 12.7% of the total transcriptome. This is in similar proportion to the reduced cell volume. Because the decrement in mtDNA transcripts is twice that of the decrease in mtDNA levels in the 20-30% 3243G cybrids (Fig. 1I ), this effect is not simply the result of reduced template abundance. Total cellular mtDNA transcript levels then increased to near normal levels in cells harboring 60-90% 3243G mutant mtDNAs, declining once more in cells with 100% 3243G mutant mtDNAs (Fig. 3B ).
The expression of mtDNA mRNA genes was reduced in all heteroplasmic cells with the exception of the 60% 3243G cell line in which the mtDNA mRNA levels exceeded those of the wildtype cell line ( Fig. 3C and SI Appendix, Figs. S4 and S5). The rise in the 60% 3243G cybrid mtDNA transcript levels is particularly striking because it changed in the opposite direction from the decline in mtDNA copy number and cell volume (Fig. 1I) . However, the increased mtDNA transcripts was found to correlate with a sharp up-regulation of the mtDNA RNA polymerase (POLRMT) from 50% to 60% 3243G followed by a partial decline at 90% 3243G and a return to baseline at 100% 3243G mutant (SI Appendix, Fig. S4C ). Hence, the increased mtDNA transcripts likely reflect increased mtDNA transcription and perhaps also mtDNA transcript stabilization.
The levels of the mtDNA tRNA genes exhibited considerable gene-to-gene variability ( Fig. 3 A and D and SI Appendix, Figs. S4 and S5). The mutated tRNA Leu(UUR) gene was selectively induced five-to eight-fold in the 20-30% heteroplasmy cells, with transcript levels of the other mtDNA tRNA genes being partially correlated with their location within the mtDNA (Fig. 3A) . Hence, the ratios of mRNAs to tRNAs differed among the cybrids, with the tRNAs in the wild-type mtDNA-only cells (0% 3243G) consisting in 1.5% of the mitochondrial transcriptome, those in the 20-30% 3243G cell lines being 3.0-3.5%, those in the 50%, 60%, and 90% 3243G cell lines being 1.1-1.2%, and those in the 100% 3243G cell line returning to 1.5% (Fig. 3D) . The up-regulation and down-regulation of tRNAs at low versus high mutation load, respectively, suggested a functional switch between 30% and 50% heteroplasmy.
Bioenergetic Adaptations to Increasing mtDNA Heteroplasmy. To determine if the reduced mitochondrial gene expression triggered a compensatory induction of glycolysis, we analyzed the expression of all glycolytic genes in relation to the increasing levels of the 3243G mutant mtDNAs. In cells harboring 20-30% 3243G mtDNAs the expression levels of the glycolytic genes were similar to those of cells with only wild-type (0% 3243G) mtDNAs ( Fig. 4A and SI Appendix, Fig. S6A ). The striking reduction in cell size at 20-30% 3243G (Fig. 1H) , the marked reduction in mtDNA gene expression in these cells, and the absence of compensatory up-regulation of glycolytic genes suggest that the 20-30% 3243G cells have a reduced cellular energy generating capacity.
At 50% 3243G heteroplasmy, the expression of glycolytic genes rose reaching a maximum at 90% 3243G mutant mtDNA ( Fig. 4A ) with glycolytic enzyme genes being coordinately upregulated (SI Appendix, Fig. S6A ). The rise in glycolytic gene expression was associated with the decline in the synthesis and assembly of cytochrome c oxidase and its associated oxygen consumption ( Fig. 1 B and C) , a decline in cybrid growth rate, increased lactate production, and a decline in the relative maintenance of ATP levels (SI Appendix, Fig. S6 B-E).
The robust induction of glycolysis beginning around 50% heteroplasmy corresponded with a return toward normal cell size ( Fig. 1H and SI Appendix, Fig. S2D ), suggesting that the nucleus crossed an energetic threshold between 30% and 50% 3243G mutant, associated with a switch from a predominantly oxidative to glycolytic metabolism. When the 3243G mutant level reached 100%, glycolysis expression again declined and remained low in ρ o cells, which do not have a functional respiratory chain (Fig.  4A) . As a result, the 100% 3243G and ρ o cell lines had significantly reduced ATP levels (SI Appendix, Fig. S6E ).
The increased reliance on glycolysis of the 50-90% 3243G mtDNA cells corresponds with marked changes in the expression of mitochondrial inner membrane ADP/ATP transporters [adenine nucleotide translocator (ANT)] isoforms 1-3 (Fig. 4B) . ANT1 mRNA increased from 0% to 20% and 30% 3243G mutant mtDNAs and then declined to a steady-state level in 50-100% 3243G mtDNA cybrids. ANT2 expression increased at 20-30% heteroplasmy, declined, and then peaked again at 90% 3243G heteroplasmy. ANT3 expression rose continuously from 0% to 90% 3243G heteroplasmy and then declined at 100% mutant. The ANT1 isoform is thought to be the most efficient at exporting mitochondrial ATP into the cytosol and hence is preferentially expressed in tissues with high ATP demand such as muscle, heart, and brain. This is consistent with ANT1's upregulation in the 20-30% 3243G cybrids, which may have been attempting to increase mitochondrial energy output, and its down-regulation in 50-100% 3243G cybrids, which had switched to glycolysis. The abrupt down-regulation in both ANT1 and ANT2 at 50% 3243G could explain the lower ATP levels in this cell line. ANT2 was the most highly expressed ANT isoform in all cell lines (SI Appendix, Fig. S6E ), reaching its highest expression in the 90% 3243G cybrids, which also have the highest glycolysis levels. This is consistent with ANT2's ability to import glycolytic ATP into the mitochondrion to support mitochondrial function during low OXPHOS ATP production (20) . The striking induction of ANT3 was unprecedented. 
MEDICAL SCIENCES PNAS PLUS
3243G mutant mtDNA (Fig. 4 A and B) correspond to a striking and abrupt change in transcriptional regulation at the transition between 30% and 50% 3243G mutant. Compared with 0%, the 20-30% 3243G cell lines did not exhibit significant enrichment of genes classified by gene ontology (GO) as linked to transcriptional activity. However, in the 50-100% 3243G mutant cell there was an abrupt induction of genes involved in transcriptional regulation (Fig. 4C ).
Hence, there was a profound restructuring of the cellular transcriptome between 30% and 50% 3243G heteroplasmy. Molecular chaperones of the heat shock protein (HSP) family were also differentially regulated. The mitochondrial HSP10 and HSP60 were up-regulated in 20-30% cybrids, declined to a minimum at 60%, and peaked again at 100% 3243G cybrids (Fig.  4D ). In contrast, the endoplasmic reticulum (ER)/cytoplasmic HSP70 and HSP72 progressively increased in abundance starting at 20% 3243G, peaking at 90%, and declining again at 100% (Fig. 4E) , reflecting compartment-specific unfolded protein stress responses. As the level of 3243G mtDNA increased, multiple antioxidant and redox regulatory systems also increased (SI Appendix, Fig. S7 A-C), in parallel with a rise in superoxide dismutase activity (SI Appendix, Fig. S7D ). GO analysis also indicated a significant effect of mtDNA heteroplasmy on enrichment of differentially expressed families of genes involved in transcription, RNA splicing, autophagy/mitophagy, apoptosis, and neurodegenerative diseases (SI Appendix, Fig. S8 ).
The striking shifts in transcriptional activity were presumably initiated by mitochondrial metabolic retrograde signaling. These signals could include perturbation of mitochondrial Ca 2+ homeostasis (21), altered mitochondrial reactive oxygen species (ROS) and reduction-oxidation (REDOX) signaling (10, 22) , and altered mitochondrial production of reactive tricarboxylic acid (TCA) cycle intermediates such as α-ketoglutarate and other mitochondria-associated high energy compounds including ATP, acetyl-CoA, and S-adenosylmethionine (SAM) all of which are required to modulate signal transduction systems and the epigenome (10, 17) .
Evidence that alterations in Ca 2+ levels may be important in the observed 30% and 50% 3243G mutant transcriptional transition came from specific induction of the calmodulins, which were down-regulated at 20-30% 3243G followed by CAMK1D and CAMK1 induction from 50% to 90% 3243G mtDNAs, and then suppression at 100% 3243G mutant and in ρ o cells (Fig. 3F) . A reciprocal expression pattern was seen for several of the ubiquitous phosphatases, which perform opposite actions to CAMKs (Fig. 3G) . In contrast to the coordinated transcriptional alterations, changes in the protein levels of various transcription factors and signal transduction proteins was less pronounced (SI Appendix, Fig. S9 ), presumably due to further translational and posttranslational regulation.
Evidence that changes in ROS production and REDOX balance contributed to the nuclear response to changes in mtDNA heteroplasmy is supported by the biphasic induction of the mitochondrial SOD2, which peaks at 20% and 90% 3243G, and the induction of SOD1 and peroxiredoxin 5 between 30% and 50% 3243G (SI Appendix, Fig. S7A ). Evidence for REDOX regulation is seen in the biphasic induction of glutathione reductases 1 and 4 and the BolA-like 1 mRNA (SI Appendix, Fig. S7B ) plus the progressive induction of the NADPH-generating enzymes isocitrate dehydrogenase 2 and malate dehydrogenase 2 between 50% and 90% 3243G mtDNAs (SI Appendix, Fig. S7C ).
Evidence that metabolic signals may impact nuclear gene expression comes for alterations in the expression of genes that influence the nuclear epigenome in association with mitochondrial intermediates such as α-ketoglutarate, acetyl-CoA, and SAM. Altered regulation of DNA methylation was indicated by marked changes in the transcript levels of the known DNA methyltransferases DNMT1, DNMT3A, and DNMT3B (Fig.  4H ). DNMT3B was down-regulated in cells with 20-30% 3243G mtDNAs, but at 50-90% 3243G both DNMT1 and DNMT3B rose dramatically, peaking at 60% and 90% mutant, respectively (Fig. 4H) . The biphasic nature of the DNMTs' response to the 3243G mutant level with the transition occurring between 30% and 50% can be illustrated by plotting the ratio of DNMT3A/3B, and DNMT1/3A (Fig. 4I) . A related biphasic transcriptional pattern was also seen for the demethylation-related methylcytosine dioxygenase (TET3) (SI Appendix, Fig. S10A ), an enzyme that uses α-ketoglutarate as a coreactant. Consistent with the mitochondrial 3243G mutation having an effect on methylation-related gene regulation, the expression of the diseaseassociated methyl DNA binding protein MeCP2 was induced at 30% 3243G mutant and peaked at 60% 3243G, falling again at 100% (Fig. 3J) .
Because DNA methylation is a major cis-acting genetic regulatory mechanism (23) for gene networks (24) , 3243A>G heteroplasmy must be having a direct effect on regulation of chromatin composition. This supposition is supported by changes in the expression of the histone variant genes. Linker histone cluster 1 H4L (H1H4L) was strongly induced in the 20-30% 3243G cells, dropped to baseline at 50-90% mutant, and then rose again in the 100% 3243G and ρ o cells. In contrast, histone 2 variant macroH2A2, which replaces conventional H2A in the nucleosome and acts as transcriptional repressor, peaked at 60% 3243G mutant cells, whereas histone cluster 2 variant h4B (H2H4B) was induced continuously from 0% to 100% 3243G and ρ o cells (Fig. 4K ). Further evidence for a phased change in nDNA gene expression was seen in the expression of histone deacetylases (HDACs) from 50% to 90% 3243G (SI Appendix, Fig. S10 B-E). Collectively, these changes were reflected in the cumulative enrichment of differentially expressed genes belonging to the chromatin remodeling pathways, which reached a maximum at 60% 3243G heteroplasmy (SI Appendix, Fig. S10F ). As with the signal transduction proteins, changes in the transcription of epigenomic remodeler genes were more pronounced than were changes in the activity of epigenetic writers and of pangenomic abundance of specific posttranslational histone modifications (SI Appendix, Fig. S11 ).
Increasing mtDNA Heteroplasmy Induces Phase Transitions in
Transcriptional Profiles. To better define the transcriptional networks that were differentially activated in the progression from 0% to 100% 3243G heteroplasmy, we performed gene set enrichment analysis (GSEA) (25) and prepared a hierarchical clustering heat map showing enrichment of the functional pathways in each cybrid cell line. Again, relative to 0% 3243G control, striking discontinuities were observed between the 20-30%, 50-90%, and 100% 3243G mtDNA cybrids (Fig. 5A ). In the 20-30% 3243G cybrids, the PI3 kinase-AKT (protein kinase B), the proto-oncogene myc, and mammalian target of rapamycin (mTOR) pathways were down-regulated and the epidermal growth factor (EGF), activating transcription factor 5 (ATF5), and bone morphogenic protein 2 (BMP2) gene targets were upregulated. In the 50-90% 3243G cybrids the forkhead box P3 (FOXP3), transcription factor 21 (TCF21), and signal transducer and activator of transcription 3 (STAT3) pathways were downregulated, whereas the hypoxia inducible factor 1 (HIF1), myc, Kirsten rat sarcoma viral oncogene homolog (K-Ras), peroxisone proliferator-activated receptor gamma coactivator 1 alpha (PGC-1α), and "aging" and "senescence" pathways were up-regulated. At 100% 3243G the interferon beta (Ifn-β), polycomb repressive complex 2 (PRC2), STAT3, specifying protein 1 (SP1), and ETSrelated gene 1 pathways (EGR1) were down-regulated (Fig. 5A) .
In analyzing differential gene expression profiles, we observed 211 genes that were induced in the 20-30% cybrids, but were repressed more than 100-fold in 60-100% 3243G cybrids (Fig.  5B) . Functional classification analysis (Database for Annotation, Visualization, and Integrated Discovery v6.7, DAVID) revealed that these genes predominantly encompassed transmembrane proteins and signal transduction elements including the G-protein-coupled receptors systems (SI Appendix, Fig. S12 ).
The distinction between the gene expression profiles of 0%, 20-30%, 50-90%, and 100% 3243G heteroplasmy cells plus the ρ o cells was further demonstrated when the whole transcriptome data were analyzed by principle component analysis (PCA). The 20-30% cybrids and the 50-90% cybrids occupy diametrically opposed transcriptional spaces (circled), with the 0% mutant cybrids falling between these clusters (Fig. 5C ). The 100% 3243G and the ρ o cells also occupy totally distinct spaces, underscoring their widespread transcriptional differences with the other cybrid lines.
To understand which functional pathways distinguish these clusters, we interrogated publicly available databases for similar differential genome-wide expression profiles. This analysis further highlighted the difference between 20-30% and 50-90% 3243G, and to a lesser extent between 50-90% and 100% 3243G cybrids. Notably, the cybrids with 50-90% 3243G exhibited significant up-regulation of mitochondrial function (OXPHOS, TCA, etc.) genes (Fig. 5D) , consistent with the up-regulation of PGC-1α at high mutation levels (26) and in association with increased ribosomal biogenesis and telomere regulation (Fig. 5A ). The induction of these genes contrasted sharply with the marked down-regulation of CAGTATT and GGCAGTG micro-RNA gene expression. Lastly, the gene expression profile of the 50-90% 3243G cybrids was strikingly reminiscent of those reported for neurodegenerative diseases such as Alzheimer, Parkinson, and Huntington diseases (Fig. 5D) . Therefore, the gene expression profiles associated with mtDNA 3243G mutant retrograde signaling fall into four distinct transcriptional phases associated with 0, 20-30, 50-90, and 100% 3243G mutant levels.
Discussion
Our results demonstrate that continuous changes in mtDNA heteroplasmy result in discontinuous remodeling of nuclear DNA and mtDNA gene expression profiles due to alterations in both the signal transduction and epigenetic regulatory processes. Whereas the traditional medical view is that human genetic mutations result in predictive phenotypes according to the rules of Mendelian genetics, our study reveals that variation in the percentage of a single mtDNA heteroplasmic nucleotide substitution can lead to a multiplicity of cellular phenotypes. This occurs through phase-like alterations in gene expression profiles and carries profound implications for the biochemical and molecular basis of age-related diseases and aging (27) .
That mitochondrial dysfunction can influence nuclear gene expression has been demonstrated in yeast (28) , nematode (29) , and mammalian systems (30) . Existing studies indicate that mitochondrial signaling can trigger both adaptive and maladaptive cellular responses, with a possible pivotal factor being the degree of mitochondrial dysfunction. However, no previous study has examined the dose-response dynamics of transcriptional and cellular adaptive responses to the full range of mtDNA heteroplasmy in human cells.
Heteroplasmy levels are known to vary between the different tissues of individuals (31) , which is one explanation offered for the clinical variability seen in mtDNA disease (9) . However, the present study demonstrates that variation in mtDNA heteroplasmy levels can also differentially activate various cellular metabolic pathways. Because the regulation of energy metabolism must predate tissue differentiation many of the regulatory responses to changes in 3243G levels seen in 143B(TK − ) cells are likely to be pertinent to a range of tissues.
The striking difference in mtDNA transcript levels between 20-30% and 50-90% 3243G cell lines corresponds to the transition seen between patients presenting with diabetes and autism at 20-30% 3243G heteroplasmy and neuromuscular disease at 50-90% 3243G mutant (SI Appendix, Fig. S13 ). The reduced mtDNA transcripts in the 20-30% 3243G diabetes range (8) along with the reduced cell size and increased mtDNA density are consistent with the conclusion that low levels of mtDNA heteroplasmy cause significant decreases in mitochondrial function without compensatory up-regulation of glycolysis. The apparent resulting deficiency in cellular energy production provides a potential explanation for the consistent observation that type II diabetes is associated with a partial defect in mitochondrial bioenergetics (32) . At 50-90% 3243G levels, glycolysis is induced to partially compensate for the increased OXPHOS defect. This is also associated with the induction of the suite of genes that have been associated with neurodegenerative diseases such as Alzheimer and Parkinson diseases (see Fig. 5D ).
Although it might be argued that the bioenergetic changes seen in this osteosarcoma cell model may have little relevance to differentiated tissues due to the heavy utilization by cancer cells of glycolysis, the Warburg effect, more recent data demonstrate that cancer cells are not OXPHOS deficient but rather have increased glycolysis to meet biosynthetic requirements (33) . Hence the relative changes in mitochondrial and glycolytic metabolism associated with changes in mtDNA heteroplasmy observed here could well reflect changes in gene expression that occur in noncancer cells.
In response to the changes in OXPHOS energy production between 20-30% and 50-90% 3243G mutant, the global gene expression profiles of cybrids changes abruptly. At low levels heteroplasmy (20-30% 3243G) the transcriptional signatures include the down-regulation of mTOR signaling and other growth pathways ( Fig. 5A and SI Appendix, Fig. S9 ), the overall reduction of mtDNA gene expression and induction of mitochondrial chaperones, and an associated reduction in cell size. In contrast, at high-level heteroplasmy (50-90% 3243G) the transcriptional profile includes the up-regulation of pathways related to both glycolysis and mitochondrial functions including OXPHOS, the downregulation of genes involved in transmembrane signal transduction, and the engagement of expression profiles associated with senescence and telomere maintenance. These differences could represent alternative cellular strategies for adapting to changes in energy availability, with different adaptive strategies used, depending on the length and extent of the reduced mitochondrial energy output. During transient periods of low energy resource availability recapitulated by the effects of 20-30% 3243G heteroplasmy, the programmed nuclear response may be to conserve energy through reduced energy utilization and increased recovery of cellular energy resources. However, with prolonged periods of more severe energy deficiency, recapitulated by the effects of 50-90% 3243G, the programmed nuclear response may be to coordinately upregulate all energy-generating systems to maximize the exploitation of the available caloric resources. In contrast to the low energy deprivation state, the high energy deprivation state would require a major restructuring of many cellular functions and associated gene expression profiles, which appears to be common to many degenerative diseases and aging (27) . Irrespective of the evolutionary arguments, it is clear from the PCA of global gene expression changes that graded changes in mitochondrial energy output result in quantized changes in gene expression profile (Fig.  5C ) and that the 50-90% 3243G expression profile mimics those associated with Alzheimer, Parkinson, and Huntington diseases, thus supporting the conclusion that these neurodegenerative diseases have an underlying bioenergetic etiology.
Whereas alterations in mitochondrial Ca 2+ (33) , ROS, and REDOX (34) regulation are established mechanisms for mediating mitochondrial retrograde signaling, the current study also indicates the importance of mitochondrial alterations in chromatin remodeling presumably through mitochondrially generated metabolic intermediates (10, 33) . This can be inferred by changes in the expression of genes encoding the DNA methylation machinery. DNMT1 and 3A were stable or down-regulated at 20-30% 3243G, but were coordinately up-regulated at 50-90% 3243G. Likewise, the methyl DNA binding protein, MeCP2, was strongly induced at higher heteroplasmy levels, peaking at 60% 3243G mutant. The DNMT isoforms, which have nonoverlapping gene-specific DNA methylation activities (35) , have been reported to be differentially associated with mitochondrial function. DNMT3A is concentrated in synaptic boutons within synaptic mitochondria (36) and missense mutations in the DNMT3A gene have been observed in a patient with autism (37) . DNMT1 has been located in fibroblast mitochondria (38) and mutations in the DNMT1 gene have been linked to sensory neuropathy, dementia, and deafness (39) . Mutations in the MeCP2 gene cause Rett syndrome, a syndromic autism spectrum disorder (40) , and Rett syndrome has been associated with abnormal brain mitochondrial structure and function (41, 42) . Thus, the regulation of these epigenetic regulators by mtDNA heteroplasmy could cause broad transcriptional effects of clinical significance.
One technical concern with this study is that 143B(TK − ) cells were derived from an osteosarcoma, and this and other cancer cell lines have been found to be karyotypically unstable and prone to alterations in gene expression (43) and bioenergetics function (44) during cybridization, removal of mtDNA, and propagation in different culture conditions. There are several reasons why we feel that it is unlikely that variation in the 143B(TK − ) cybrid nuclei could account for the variation that we observed in gene expression profiles of the mtDNA 3243G mutant cybrids.
The first possibility is that the transcriptional phase changes seen in the 0%, 20-30%, 50-90%, and 100% 3243G cybrids are the result of random alterations in the 143B(TK − ) nDNA, resulting in random changes in the transcription profile. This possibility is unlikely because changes in the expression of many cybrid nDNA genes are nonrandom in relation to the 3243G mutant mtDNA levels. For example, the expression of catalase (SI Appendix, Fig. S7A ), HSP70, and HSP72 (Fig. 4E) , and alternate histone H2H4B (Fig. 4K ) all increased incrementally from 0% to 90-100% 3243G in progressive continuous curves. Furthermore, the expression of genes that displayed the phase differences in gene expression showed similar levels of expression as seen in other cell lines with similar heteroplasmy levels for both the 20-30% and 50-90% cybrid clusters. Random changes in gene expression would not show either of these correlations with the 3243G mutant levels.
The second possibility is that the cybrids in each transcriptional phase could be clonally derived from the same founder cell and that the different clones harbored nDNA variants that created the phase changes. For this to be true, the cybrids in each of the phased heteroplasmy classes (0%, 20-30%, 50-90%, 100%, or ρ o cells lines) would have to have been derived from separate founder 143B(TK − ) clones. This possibility can be excluded for two reasons. In one, we used gene fusions as markers to show that the nuclei of the cybrids within the same transcriptional phase were not derived from the same 143B(TK − ) nuclear clones. Gene fusions were detected through transcripts that incorporated two noncontiguous gene sequences, presumably representing the products of intra-or interchromosomal rearrangements resulting in gene fusions. Multiple gene fusion transcripts appear in the various cybrids and several of these are shared between the different cybrid clones, making them useful markers for the nuclear lineages of the cybrids (SI Appendix, Fig. S14 ). However, no correlation was found between the array of gene fusion events in the different cybrid nuclei and the transcriptional phases of the cybrids (0%, 20-30%, 50-90%, 100% heteroplasmy and ρ o cells) (SI Appendix, Fig. S14 ). The second set of data that excludes the 143B(TK − ) nuclear clonal explanation for the phase changes came from our sequencing of the mtDNAs of the different cybrid clones (SI Appendix, Extended Experimental Procedures). This revealed a de novo synonymous mtDNA mutation at nt 9494A>G in the COIII gene in two cybrid lines, 30% and 50% 3243G. Because these two clones shared a common de novo mutation, they must have been derived from a common ancestral 143B(TK (46), cell fusion, and clonal isolation. SH-SY5Y cybrid clones were produced harboring 0%, 70%, and 100% 3243G mutant mtDNAs and the physiology of these cell lines (13) compared with the gene expression profiles of the 143B(TK − ) cybrids. The SH-SY5Y cybrids showed a 3243G dose-dependent increase in glucose consumption and lactate production, consistent with the induction of glycolysis at high 3243G levels in the 143B(TK − ) cybrids. Furthermore, the SH-SY5Y cybrids showed a strong up-regulation of mitochondrial respiration at 70% 3243G mutant (13) , which corresponds with the maximum induction of mtDNA mRNAs and of POLRMT in the 60% 3243G 143B(TK − ) cybrids ( Fig. 3C and SI Appendix, Fig. S4 C and D) . Finally, cybrids on both nuclear backgrounds with high 3243G levels exhibited evidence of increased oxidative stress through either elevated ROS production or increased antioxidant enzymes.
Hence, we can exclude the possibility that the observed differential phased gene expression of the 20-30% and 50-90% 3243G cybrids is the result of clonal differences in the 143B(TK − ) nuclei. Rather, the phase changes must be the result of differences in the levels of the mtDNA 3243G mutant.
In conclusion, our data demonstrate that subtle changes in mtDNA heteroplasmic genotype can have profound effects on the nuclear gene expression state. This retrograde signaling likely involves mitochondrially mediated changes in Ca 2+ , ROS and REDOX, and levels of reactive mitochondrial metabolic intermediates. This implies that the stochastic and quantitative genetics of the mtDNA may be a major contributor to the seeming genetic "complexity" of the common metabolic and degenerative diseases and aging. Electron and Confocal Microscopy. Cells in suspension were fixed with 2.5% (vol/ vol) glutaraldehyde, 2.0% (vol/vol) paraformaldehyde in 0.1 M sodium cacodylate buffer, postfixed and embedded to produce ultrathin sections imaged by transmission electron microscopy. For quantification of cell and nuclear size, cell and nuclear contours were manually traced in ImageJ by two different investigators blinded to group identity. To normalize mtDNA content to cell content, cell volume was then calculated assuming spherical shape (cells in suspension). For confocal microscopy, cells were stained with Mitotracker Green TM and imaged using a laser scanning confocal microscope in a air-and temperaturecontrolled, humidified chamber. Mitochondrial morphology was quantified using an automatic segmentation macro and standard shape factors.
Materials and Methods
RNA Sequencing and Library Preparation. Total RNA was extracted, depleted of cytosolic rRNA, quality checked, and quantified before library preparation. Barcoded samples in triplicates from eight experimental groups were sequenced concurrently on the ABI SOLiD 5500 platform using paired-end chemistry of 50 (forward) × 35 (reverse) base pairs. Sequenced reads were mapped using the whole-transcriptome paired-end mapping pipeline against the 1000 Genomes Build 37 Decoy 5 reference (50) with default parameters. Mapped reads were further filtered postmapping to retain only those reads in which both read pairs from each paired-end fragment were properly paired, resulting on average in 114 million reads per replicate. RNA sequencing data were further analyzed using Partek Genomics Suite, normalized, and expressed as reads per kilobase per million reads (RPKM), with R package DESeq yielding similar results. DAVID (51) was used to derive functional significance from highly repressed genes. To quantify alterations in gene expression between samples with different mtDNA heteroplasmy, the sample with 0% heteroplasmy was set as baseline, and fold change with all other heteroplasmy level genes ranked from most up-regulated to most down-regulated. GSEA was conducted (25) with the gene sets from the Molecular Signatures Database (MolSigDB v4.0), with a false discovery rate (FDR) threshold of <0.1. Hypergeometric distributions were used to evaluate the significance of enriched biological processes using the GO categories from differentially regulated gene lists. Only biological processes with significant enrichment (P < 0.01) were selected and visualized by heatmap.
Chromatin Remodeling and Enzymatic Assays. All assays were performed on either nondenatured nuclear fractions or total cellular extracts using Western blotting or ELISAs according to the manufacturers' instructions.
Please refer to SI Appendix, Extended Experimental Procedures for complete details, including antibodies, primer sequences, RNA-sequencing, bioinformatics, and cell culture conditions.
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• structural constituent of ribosome Listed are the top three clusters from DAVID Functional Annotation Clustering enrichment analysis performed on all genes (n = 346) downregulated by >80% at high heteroplasmy levels. Results from DAVID functional pathway analysis of strongly repressed genes at high heteroplasmy levels (see Fig. 5B ). Shown are the three most significant clusters of biological functions enriched in this gene set. Notably, these GO clusters of genes were induced in 20 and 30% 3243G mutant cell lines (see Fig. 5B ). nucleotide (nt) 3243A>G mtDNA mutation (2) using polyethylene glycol (1). After being established by incubation for two to three days in complete DMEM (Gibco #10569), cybrids were selected in DMEM supplemented with 10% of dialized FBS, 110 ug/mL sodium pyruvate and 50 ug/mL 5-bromo-2'-deoxyuridine (BrdU), without uridine.
The BrdU selected for the 143B(TK -) nucleus and against the lymphoblastoid cell nucleus, and the absence of uridine selected against the mtDNA-deficient 143B(TK -) cells while permitting growth of those 143B(TK -) cells that had acquired the lymphoblastoid cell line's mtDNAs. Transmitochondrial cybrid colonies were isolated between 14 and 21 days and subsequently expanded in DMEM media containing 4.5 g/L (25mM) glucose and 110 mg/L sodium pyruvate (Gibco #10569) supplemented with 50 µg/ml uridine and non-essential amino acids (1:100, Gibco #11140) at 37 o C in 95% air, 5 % CO 2 . Clonal isolates were screened for those harboring the 143B(TK -) nucleus yet were heteroplasmic for the 3243A>G variant. Heteroplasmy for the tRNA Leu(UUR) nt 3243A>G mtDNA mutation was monitored by polymerase chain reaction (PCR) amplification of a 264 nt fragment surrounding the 3243 site and digestion with HaeIII restriction which distinguishes the mutant and normal base pair (1, 3) . Clones heteroplasmic for different percentages of the 3243A>G mtDNA mutation were generated by partial depletion of the cybrid clones by treatment with 5 µg/ml ethidium bromide (EtBr) for 11 days, with the level of mtDNA depletion monitored each day by qPCR (4) . At the end of the EtBr treatment, the mtDNA levels reached a very low level. The cells were then plated at low density in medium lacking EtBr to facilitate the isolation of clones with varying levels of the 3243G mutant mtDNAs (5) .
A series of clones were ultimately obtained harboring approximately 0, 20, 30, 50, 60, 90, and 100% 3243G mutant mtDNA. These clones have proven remarkably stable in their heteroplasmic levels under the above culture conditions. This contrasted with the reduced heteroplasmy stability that we observed when cytoplasts from the 143B(TK -) cybrids were used to transfer the heteroplasmic mutation to SH-SY5Y neuroblastoma cells (6) . Cell lines used for experiments were grown in 75 cm 2 dishes, and used when at 50-80% confluence.
Measurement of mtDNA heteroplasmy
Having established the 143B(TK -) 3243A>G cybrids with the desired mtDNA heteroplasmy levels, the heteroplasmy levels were monitored PCR amplification of the 264 nt fragment, digestion with HaeIII (New England Biolabs #R0108), and separation of the fragments initially by agarose gel electrophoresis and densitometric analysis and subsequently by capillary electrophoresis on an Genetic Analyzer 3500 automated sequencer (Applied Biosciences). Biases in the determined 3243A>G mtDNA levels in these cybrids were corrected using standard curves (6) . Genotypic analysis by this procedure prior to the RNASeq analysis gave the values listed in Materials and Methods Table 1 . Heteroplasmy levels at subsequent passages were assessed by sequencing the mtDNA using next generation semi-conductor sequencing (M&M Table 2 ). The entire mtDNA was first PCR amplified in two fragments using the SequalPrep Long PCR Kit (Invitrogen #A10498) with the following primers: (1) hmtL9611:
5'-TCCCACTCCTAAACACATCC-3', hmtH1405: 5'-ATCCACCTTCGACCCTTAAG-3'; and (2) hmtL1305:
5'-GTAAGCGCAAGTACCCACG-3', hmtH9819:
5'-GCCAATAATGACGTGAAGTCC-3'. Product was visualized on an agarose gel with ethidium bromide to assess amplification and product sizespecificity.
For library preparation the two PCR fragments were combined in equal ratios to make 200 ng of DNA, fragmented and blunt-end ligated to 3' P1 and Table 2 below. The complete mtDNA sequence of all six cybrid clones was identical, with two exceptions. A spontaneously occurring synonymous nucleotide transition was observed at position 9494A>G (COIII, no amino-acid change: Glycine-Glycine) in the 30% (DW5, 19.0-26.5% 9494G heteroplasmy) and 50% (DW9, 3.2-4.2% 9494G heteroplasmy) 3243G heteroplasmy cell lines. The second spontaneous transition mutation was observed at 1042T>C in the 16S rRNA in the 60% (DW7, 7.6-8.4% 1042C heteroplasmy) 3243G cell line. Given the synonymous nature of the 9494A>G mutation and the low levels (<10%) of the 1042T>C mutations these changes were unlikely to have influenced the cellular phenotypes or gene expression profile.
mtDNA 3243A>G heteroplasmy levels were also estimated indirectly from RNA-Sequencing data, based on the number of transcripts observed to contain the 3243 A versus G nucleotide (M&M Table 3 ). Mean mutation load (3243G) measured by counting allele frequency from RNA-Sequencing data. Data are means ± S.D for triplicates.
Comparison of the RNA-Seq and NGS data from samples collected at the same time suggests that there is an under-representation of the 3243G tRNA Leu(UUR) at the 20 and 30% mtDNA mutation in the RNA-Seq data. By contrast there is a variable representation of the 3234G mtDNA in the 50-90% cybrid by NGS. The reduced level of the 3243G mutant tRNA Leu(UUR) at 20-30% heteroplasmy could reflect instability, improper processing, or altered transcription of the 3243G tRNA Leu(UUR) when at low heteroplasmy. The variable NGS counts of the 3243A mtDNA at 50-90% 3243G heteroplasmy probably reflects non-linear amplification during library preparation. However, taken together, the NGS and RNASeq data support the heteroplasmy estimates generated by the more conventional HaeIII fragment analysis.
Western blotting and blue native electrophoresis gels
Electron transport chain (ETC) subunits Complex I 20 kDa, Complex II 30kDa, Complex III Core II, Complex IV COII, and Complex V (ATP synthase) F1α abundance were quantified by Western Blotting involving electrophoresis of 20 µg protein on a pre-cast sodium dodecyl sulfate (SDS), 10% polyacrylamide gel (SDS-PAGE). Gel separated proteins were electro-transferred onto polyvinylidene difluoride (PVDF) membranes and incubated overnight with antibody cocktail (Mitosciences #MS601). Equal protein loading between samples was verified by ponceau staining. Membranes were washed and incubated with horseradish peroxidase-conjugated secondary antibody (dilution 1:5,000). Gels were exposed to photographic films and specific band densitometry measured and quantified by normalizing to β-tubulin (Abcam #ab21058). The data is presented in Fig. 1C .
Mitochondrial respiratory complexes were separated by BN-PAGE (7).
Mitochondria were isolated by differential centrifugation from 10-20 x 10 6 cells, and mitochondrial pellets equivalent to 400 mg of protein were solubilized with 800 mg of Dodecyl-b-D-Maltoside (Sigma #D4641) in 5 mM 6-aminohexanoic acid, 50 mM imidazole-HCl (pH 7.0) and 10% glycerol. Coomassie Brilliant Blue G-250 (Serva # 35050) was added to the solubilized samples at a dye/detergent ratio of 1:5 (w/w). Mitochondrial lysates equivalent to 50 ug were separated by electrophoresis on a 4-13% acrylamide gradient gel. Western blotting was performed using standard transfer conditions for 3 h. The stain from the blot was removed by washing with 100% methanol, which did not compromise the quality of the bands.
Mitochondrial respiration and ATP measurements
Mitochondrial respiration in each 3243G heteroplasmic cell line was measured on plated cells using the Oxygen Biosensor System (BD Biosciences) (8) . Measurements were performed in triplicates in standard media under basal conditions, after inhibition of the F 0 F 1 ATP synthase with oligimycin (state IV), and maximal respiration uncoupled with the protonophore carbonyl cyanide 4-trifluoromethoxyphenylhydrazone (FCCP). Leak mitochondrial respiration, obtained after inhibition with oligomycin, did not differ between cell lines (data not shown). Respiration expressed as pmol O 2 /sec. Cellular ATP was measured with the bioluminescence assay kit CLS II (Roche, #1-699-695). ATP levels were quantified by normalizing relative fluorescence units (RFU) to total protein content.
Electron microscopy
Cybrid cells were detached with 0.25 % trypsin at 37 o C for 2 minutes, briefly centrifuged at 400 g for 1 minute, and immediately fixed with 2.5% glutaraldehyde, 2.0% paraformaldehyde in 0.1M sodium cacodylate buffer, pH 7.4. overnight at 4 o C. After subsequent buffer washes,
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the samples were post-fixed in 2.0% osmium tetroxide for 1 hour at room temperature, and rinsed in distilled H 2 O prior to in-bloc staining with 2% uranyl acetate. After dehydration through a graded ethanol series, each cell pellet was infiltrated and embedded in EMbed-812 (Electron Microscopy Sciences, Fort Washington, PA). Thin sections were stained with uranyl acetate and lead citrate, and examined on a JEOL 1010 electron microscope fitted with a Hamamatsu digital camera and AMT Advantage image capture software.
For quantification of cell and nuclear size, electron micrographs collected at 2,500x were measured. Cell and nuclear contours were manually traced by two different investigators blinded to group identity. From the dimension-calibrated micrographs the surface area (in µm 2 ) was calculated using Image J (NIH, rsbweb.nih.gov/ij/).
Values for each cell and its corresponding nucleus (when visible) were exported and analyzed using Microsoft Excel and GraphPad Prism 6. Results from the two sets of data were pooled, and means with 95% and 99% confidence intervals (C.I.) calculated. Between 130 -209 cells, and 98 -133 nuclei were measured for each cell line. Statistical differences were evaluated using ANOVA with Dunnett's multiple comparison post hoc test. To normalize mtDNA content to cell content, cell volume was then calculated assuming spherical shape (cells in suspension), using the following formula: V = 4/3 π r 3 ( Fig. S2D ) with the radius derived from mean cell surface area shown in Fig. 1H .
Cell and nuclear size varied in parallel as a function of 3243G heteroplasmy, with proportions of nuclear to total cell volume -termed karyoplasmic ratio (9) remaining constant (Fig. S2C) . Nuclear/total cellular ratio is a conserved property across phylogenetically lower eukaryotic organisms such as in the budding yeast (10) . Accordingly, the mtDNA mutation 3243G does not affect this conserved parameter.
Confocal microscopy
For confocal microscopy, 1 x 10 4 cells were grown for 36 hours on individual 35 mm glass-bottom culture dishes (MatTek, #P35GC-1.5-14.C). Cells were incubated in 125 nM Mitotracker Green TM (Molecular Probes, #7514) for 45 minutes at 37°C and then washed twice in media. Images were acquired using a laser scanning confocal microscope (Zeiss LSM 710) with a PlanApo 63x/1.40 oil immersion objective, optovar 1.25x and digital zoom of 1, 1024x1024 image size (final pixel size = 0.132 x 0.132 µm). Live cells were imaged in a temperature-controlled, humidified and 5% CO 2 chamber. Excitation settings were: 458 laser at 1.2 % power, master gain = 872, digital gain = 1, digital offset = -13.89, with optical filter 488-620 and pinhole size of 49 µm. Images were sequentially acquired with the Zen 2010 software at the following settings: 1024 x 1024 pixels, pixel dwell time = 25.2 µsec.
For analyzing mitochondrial morphology, images were processed with Image J (Wayne Rasband, NIH) version 1.42q. Raw images files were processed using an automated macro available from the authors upon request.
Briefly, images were convolved using the following matrix [-1 -1 -1 -1 -1\n-1 -1 -1 -1 -1\n-1 -1 24 -1 -1\n-1 -1 -1 -1 -1\n-1 -1 -1 -1 -1\n] , thresholded (117-225). Objects < 0.15 µm 2 representing background noise or out-of-focus mitochondria were discarded. Aspect ratio and roundness for each mitochondrion was exported to Microsoft Excel and Graphpad Prism 6.0 for analysis. An average of 5855 mitochondria were analyzed per heteroplasmy group. Data is expressed as means ± 95 % confidence intervals (C.I.), and significance was determined based on 99% C.I. of the mean.
RNA sequencing -Library preparation
Total RNA was extracted with Trizol and depleted of cytosolic rRNA (RiboMinus, Life Technologies #10837-08). RNA was quality checked and quantified on a Bioanalyzer 2100, RNA 6000 Nano kit (Eukaryote Total RNA Nano, Agilent Techonolgies) and Qubit 2.0 fluofometer RNA assay kit (Molecular Probes #Q32852). Five hundred ng of RNA was used for cDNA library preparation using (Ambion, Total RNA-Seq kit #4445374). Samples were barcoded such that they could be pooled and run on the same sequencing lanes (see below).
RNA sequencing -Sequencing and data processing
RNA from all eight experimental groups (transmicotochondrial cybrid cell lines 0, 20, 30, 50, 60, 90 and 100 % 3243G heteroplasmy plus the ρ o parental cell line) were sequenced on the ABI SOLiD 5500 platform. Barcoded triplicates were sequenced on the same slide in different lanes according to the table below.
All sequencing was performed using paired-end chemistry of 50 (forward) x 35 (reverse) base pairs. Sequenced reads were mapped with LifeScope 2.5.1 using the Whole-Transcriptome Paired-End mapping pipeline against the 1000 Genomes Build 37 Decoy 5 reference (11) with default parameters. Mapped Reads were further filtered using Picard tools [http://picard.sourceforge.net/] post-mapping to retain only those reads in which both read pairs from each 19 paired-end fragment were properly paired resulting on average 114 million reads per replicate.
RNA sequencing -Data analysis
RNA sequencing data was further analyzed using Partek Genomics Suite TM software version 6.12.0109. Out of a total of 22,449 uniquely annotated genes for which transcripts were detected, 15,652 were differentially expressed (ANOVA model, P < 0.0001). Data was normalized and expressed as reads per kilobase per million reads (RPKM). Normalizing data using R package DESeq yielded similar results. Principal component analysis was performed in Partek Genomics Suite using default settings, and unsupervised hierarchical clustering was performed using the distance method with eulcidean parameter. Data was also analyzed in LifeScope™ Genomic Analysis Solutions (Life Technologies) using the gene fusion module to detect intra-and interchromosomal rearrangements (Fig S14) (12) .
The Database for Annotation, Visualization and Integrated Discovery v6.7 (DAVID, (13)) was used to derive functional significance from highly repressed genes (n = 211) at 60-100% 3243G mtDNA levels (Figs. 4B and S12).
Pathway analysis
To quantify alterations in gene expression between cell lines with different mtDNA heteroplasmy, the sample with 0% 3243G mtDNA was set as baseline. The fold change in gene expression between all other heteroplasmy levels was calculated. All genes were ranked from most upregulated to most down-regulated for each cell line with different mtDNA heteroplasmy level.
Gene Set Enrichment Analysis (GSEA) was conducted (14) with the gene sets from the Molecular Signatures Database (MolSigDB v4.0). Gene sets with false discovery rate (FDR) less than 0.1 were selected for further analysis. The activity of affected transcription factors and pathways was inferred from its associated P value, and was positively correlated with minus logarithm transformed p.value, i.e. -log10(P value). In addition to GSEA analysis, hypergeometric distributions were used to evaluate the significance of enriched biological processes using the Gene-Ontology (GO) categories from differentially regulated gene lists.
Only biological processes with significant enrichment (P < 0.01) were selected, and visualized by heatmap.
Mitochondrial DNA copy number
MtDNA copy number was measured by quantitative realtime PCR (qRT-PCR). Total genomic DNA was extracted and purified (DNeasy, Qiagen #69506) from all cell lines at four non-sequential passages, and diluted to 2.5 ng/µl. The ratio of mitochondrial to nuclear DNA (mtDNA/nDNA) was quantified by the ΔΔCt method using the following primer pairs for nDNA: β-2-microglobulin forward [TCCTCTCCCGCTCTGCACCC] (3'-5') and reverse [GGCGGGCCACCAAGGAGAAC] ; and mtNDA: ND1 forward [GCAGAGACCAACCGAACCCCC] and reverse [GGGCCTGCGGCGTATTCGAT] .
The PCR mixture contained 1x iTaq™ Universal SYBR® Green Supermix (BioRad #172-5120), 400 nM primers and 5 ng of template DNA. No mtDNA could be detected from the ρ o cell line.
Chromatin remodeling and enzymatic assays
All assays were performed on non-denatured nuclear fractions isolated using the Nuclear Extract Kit (Activ Motif #40010) and measurements performed in triplicates. Total acetylated histone H3, H3 lysine 9 (H3.K9), and lysine (H3.K14) were measured from 100 µg of nuclear extract protein, using the PathScan Acetylated Histone H3 Sandwich ELISA Kit (Cell signaling technology #7232).
Histone acetyltransferase (HAT) activity assay was measured using a colorimetric kit (Abcam #65352) from 50 µg of nuclear extract proteins. Histone deacetylase (HDAC) activity was measured using a colorimetric kit (Abcam #56210) from 20 µg nondenatured nuclear extract proteins, and specific activity assessed using the HDAC inhibitor trichostatin A. DNA methyltransferase (DNMT) activity was measured from 10 µg of nuclear extract using total DNMT (DNMT1, 3A, 3B) activity assay (Active motif #55006).
Superoxide dismutase (SOD) activity was measured from 20 µg of whole cell lysate using the SOD detection kit (Cell Technology, #CSOD 100-2 colorimetric).
Transcription factors and retrograde signaling
The abundance and activation state of key transcription factors were measured by a combination of ELISA and Western blotting. The mitogen activated protein kinase (MAPK) pathway was probed by quantifying the abundance of ATF-2, c-Jun, c-Myc, MEF-2, and STAT-1α from 20 µg of nuclear extract using the TransAM MAPK Family Transcription Factor kit (Active Motif #47296). The signaling protein Akt1 and its phosphorylated form pAkt1 (Ser 473), p-MEK1 (Ser217/221), p-p-38 MAPK (Thr180/Tyr182), p-STAT3 (Tyr705) and p-NF-κB were quantified from 10 µg of nuclear extract using PathScan® Signaling Nodes Multi Target Sandwich ELISA Kit (Cell Signaling Tecnology #7272). Myc (c-Myc) was quantified from 10 µg of nuclear extract using the TransAM c-Myc kit (Active Motif #43396). FOXO1a (Abcam #ab12161), mTOR (#ab2732) and p-mTOR (#ab109268) were quantified by Western immunoblotting and normalized to β-actin (Sigma #A2228) as loading control.
